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Abstract Keywords 


Purpose: To improve curcumin’s pharmacokinetic, in vitro cytotoxicity and release property. 
Methods: A novel linear-dendrimer methoxy-poly (ethylene glycol)-b-poly (e-caprolactone) 
copolymer was synthesized through O-alkylation, basic hydrolysis and ring-opening polymer- 
ization reaction with methoxy-poly (ethylene glycol), epichlorohydrin and e-caprolactone as 
raw materials. Its structure was characterized by 'H-NMR and GPC. The copolymer’s hemolysis 
and micellar encapsulation for curcumin by thin-film hydration were studied. Curcumin-loaded 
micelles were evaluated by use of in vitro release, FT-IR and X-ray diffraction. Curcumin-loaded 
micelles’ in vitro cytotoxic activities against Hela and HT-29 cells were done, and its 
pharmacokinetic parameters were also carried out. 

Results: Curcumin was encapsulated into the micelles with 92.54% of entrapment efficiency and 
12.84% of drug loading in amorphous forms. The dissolubility of nanoparticulate curcumin was 
1.70 x 10° times higher than that of curcumin in water. The obtained copolymer showed no 
hemolysis. /n vitro drug release study indicated that, in all cases, the kinetics was adjusted well 
to the Makoid-Banakar model (Rij = 0.9984). In addition, data were analyzed by the 
Korsmeyer-Peppas model, n values were 0.43, indicating that the drug release was 
accomplished by the combination diffusion and polymer chain relaxation. The cytotoxicity 
experiment indicated that the nanoparticulate curcumin kept up its potent anti-cancer 
activities. The pharmacokinetic results showed that the MRTo_., t1/2z and AUCo-œ of Curcumin- 
loaded micelles were 1.64, 6.54 and 4.67 times higher than that of CUR control solution. 
Conclusions: The copolymeric micelles loading curcumin might act as a delivery vehicle for CUR. 


e-caprolactone, curcumin, delivery, 
linear-dendrimer, methoxy-poly(ethylene 
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Introduction 


Curcumin (CUR) has several pharmacological activities such 
as antioxidant, -microbial and -tumor activities with low 
toxicity to human (Ono et al., 2004; Maheshwari et al., 2006). 
Previous studies about CUR have indicated its ability to 
induce apoptosis in cancer cells (Aggarwal et al., 2003). 
However, CUR’s inferior solubility in water was its main 
obstacle to remain or improve bioavailability and clinical 
therapeutic effect (Letchford et al., 2008). 

Extensive researches have focus on copolymeric micelles 
due to their stability and facility of surface modification 
(Avgoustakis et al., 2003; Sanyakamdhorn et al., 2014). 
Linear methoxy poly(ethylene glycol)-b-poly (¢-caprolactone) 
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(MPEG-PCL) is a diblock copolymer that has distinct 
lipophilic and hydrophilous fragments, forming an internal 
lipophilic core and external hydrophilous shell due to their 
large solubility difference in aqueous medium. The 
CUR-loaded linear MPEG-PCL copolymeric micelles or 
micelles can obviously improve CUR’s water-solubility, 
bioavailability, anti-tumor activity and forth (Mohanty et al., 
2010; Gou et al., 2011; Shao et al., 2011; Gong et al., 2013; 
Yin et al., 2013). 

It is noted that copolymers such as dendrimers (Medina & 
El-Sayed, 2009; Pan et al., 2009; Abderrezak et al., 2012), 
linear-b-dendritic block copolymers (Wurm & Frey, 2011), 
star block copolymers (Prabaharan et al., 2009a) and brush 
copolymers (Prabaharan et al., 2009b; Yan et al., 2009) have 
been studied as vehicles for drug loading and delivery. In 
comparison with linear polymers, these branched polymers 
have a greater effect on the physico-chemical characteristics 
of the polymer itself as well as drug delivery. In a former 
study, we have found that star-type MPEG-PCL obviously 
improve CUR’s encapsulation and solubility in aqueous 
solution, and CUR release is slow and sustainable 
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(Feng et al., 2013). It is believed that further modification of 
MPEG to provide a linear-dendrimer MPEG-PCL will also be 
helpful to CUR’s encapsulation, release, increase of solubility 
in water, improvement of pharmacokinetic properties, as well 
as antitumor activity. 

Herein, a linear-dendrimer MPEG-PCL copolymer was 
synthesized, characterized and used as a candidate polymer 
toward the development of an effective CUR drug delivery 
system in this study. CUR-loaded micelles (CUR micelles) 
were prepared from the copolymer’s self-assembling aided by 
thin-film hydration. The physicochemical properties, in vitro 
release, hemolysis test, in vitro cytotoxicity and pharmaco- 
kinetics of CUR micelles were investigated in details as a 
potential drug delivery vehicle, respectively. The research 
results showed that both entrapment efficiency (EE) and DL 
of this linear-dendrimer MPEG-PCL were higher than that of 
linear MPEG-PCL for CUR reported by Mohanty et al. 
(2010). The CUR micelles obviously improved pharmacoki- 
netic property of CUR while its cytotoxicity was kept. The 
CUR micelles would have a great prospective clinical 
application as a new injectable dosage form. 


Materials and methods 
Materials 


Curcumin was bought from Fluka Chemical Company Inc. 
(Buchs, Switzerland). MPEG (Mn= 2000) was bought from 
Sigma Chemicals (St. Louis, MO) and dried twice by 
azeodistillation of toluene. ¢-Caprolactone (e-CL) was 
purchased from Huayuan Polymer Co. Ltd. (Qingdao, 
Shandong Province, China). Epichlorohydrin purchased 
from Tianjin Chemical Corp. (Tianjin, China) was used 
without further purification. Methylene dichloride and tetra- 
hydrofuran (THF) were dried under sodium hydride and 
underwent distillation before use. All the other chemicals and 
solvents were of analytical grade or higher, obtained 
commercially. 


Synthesis of tetra-hydroxyl MPEG 


The tetra-hydroxyl! MPEG was synthesized as previously 
(Lu et al., 2008). The procedure was described as follows: 
A three-neck flask equipped with a magnetic stirring bar was 
charged with MPEG (20g, 10mmol), sodium (2.3g, 
100mmol) and 60mL of THF. The reactants were 
aspirated at 60°C for 10h under nitrogen atmosphere. Then 
epichlorohydrin (5.55 g, 60 mmol) was injected and went on 
reaction at the same temperature for another 10h. After being 
cooled to room temperature, the resultant mixture was filtered 
off and evaporated under vacuum to afford MPEG glycidyl 
ether. 

The obtained MPEG glycidyl ether and 10% NaOH 
(1440 mL, 389mmol) were mixed and heated at 80°C for 
10h. Then the mixture was evaporated to dry under vacuum, 
dissolved in 100mL of acetonitrile and strained off. The 
organic phase filtrate was evaporated under vacuum to obtain 
di-hydroxyl MPEG as a white solid. 

Then the di-hydroxyl MPEG was treated according to the 
procedure above to obtain tetra-hydroxyl MPEG with a yield 
of 89%. 
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Synthesis of linear-dendrimer MPEG-PCL diblock 
copolymer 


The linear-dendrimer MPEG-PCL diblock copolymer was 
synthesized in accordance with published synthetic method of 
methosy-poly (ethylene glycol)-b-poly (6-valerolactone) 
copolymer (Lee et al., 2005) and poly (€-caprolactone)- 
b-poly (propylene glycol)-b-poly (€-caprolactone) (Oh et al., 
2009). To remove the last traces of water, the tetra-hydroxyl 
MPEG (5.0g, 2.4mmol) was azeotroped with toluene 
(20 mL) at 120°C for 4h in a three-neck flask. The toluene 
was removed by evaporation. To the residual dicloromethane 
(20mL), 2mol/L hydrochloride ethyl ether (4.8mL) and 
different weight ratios of ¢-CL were added in turn. After 
reaction at 25°C for 24h, resultant mixture was evaporated 
under vacuum and precipitated in 100mL of ethyl ether to 
obtain the linear-dendrimer MPEG-PCL copolymer after 
filtration with a yield of 92%. It was marked LDMP. 

The prepared tetra-hydroxyl MPEG and LDMP were 
characterized by FT-IR (KBr) (NEXUS 470, Nicolet, USA), 
"H-NMR (in CDCl) (AVANCE 300 MHz, Bruker, Germany) 
and GPC (in N, N-dimethylamino formide) (Waters 2690D- 
2410, Waters, MA). 


Preparation of blank and CUR micelles 


Micelles was formed by thin-film hydration (Wang et al., 
2012a). The known weight of CUR and LDMP (weight ratio 
was 1:7) was co-dissolved in acetone. The solvent was 
removed under reduced pressure by rotary evaporation at 
room temperature to obtain a thin layer of uniform film on the 
wall of flask. The resulting yellowish thin film was hydrated 
with water under gentle agitation at 65°C. The resulting 
solution was filtered through a 0.22-um filter membrane and 
used for further analysis or lyophilization. Blank micelles 
were obtained in an analogous method. 


Characterization of micelles 
Critical micelle concentration of copolymer 


Copolymer was accurately weighted and dissolved in 
deionized water at 25°C and laid up for 24h. By stepwise 
dilution, a series of LDMP solutions were provided as follow 
concentrations: 1x 107°, 5x 10%, 2x 10-4, 1x 1074, 
5x 107, 2x 107, 1 x 1075, 5x 1076, 2x 1076, 1 x 1076, 
5x10-’,2x 10~’ and 1 x 10-7 g/mL. 

An equivalent volume of pyrene solution in acetone was 
added into a suite of volumetric flasks and organic solvent 
was purged by nitrogen flow. The LDMP solutions were 
added into the volumetric flasks to attain 2 x 10-°mol/L of 
pyrene followed by balance at 60°C and filtration through 
0.45 um filter membrane before fluorescent measurements. 

The fluorescence excitation spectrum was recorded on a 
fluorescent spectrophotometer (F-7000 FL, Hitachi Corp., 
Japan) from 300 to 360nm with an emission wavelength of 
390 nm under a bandwidth of 2.5nm. Scanning speed was 
adjusted to 240nm/min. Fluorescent spectra of pyrene 
assigned to a 0-0 vibration band showed great susceptibility 
to the environmental polarity. When micelles formed, pyrene 
would enter into micelles’ inner core, resulting in a batho- 
chromic shift of 0-0 vibration band from 336 to 338.5 nm. 
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The curve of strength rates (/338.5/I336) to copolymer concen- 
tration was used to obtain LDMP’s critical micelle concen- 
tration (CMC) value from the point of intersection between 
the tangent of abrupt area and that of horizontal curve at low 
concentrations. 


Morphology of blank and CUR micelles 


Transmission electron microscope (TEM, JEM-1200EX, 
JEOL, Tokyo, Japan) was adopted for morphology observa- 
tion. A copper wire mesh covered with carbon membrane 
(400 meshes) was submerged in micelles solution and then 
negatively stained with 2% phosphotungstic acid followed by 
absorption of redundant solution with absorbent paper and air 
drying prior to TEM experiment. 


Particle size and zeta potential of blank and CUR micelles 


Sizes of blank and CUR micelles were measured by Dynamic 
light scattering (DLS, Zetasizer 3000HS, Malvern 
Instruments Ltd., UK). The surface charge of the blank and 
CUR micelles suspension in deionized water was determined 
by Zeta potential. Results are donated as mean + SD. All the 
experiments were repeated in triplicates. 


Determination of EE and DL 


The accurately weighted CUR micelles were added into 
ethanol in volumetric flask to disrupt the micellar core-shell 
structure and dissolve CUR releasing from the micelles, 
followed by stepwise dilution to afford a solution of CUR 
with UV absorbance at a range of 0.2—0.8. The quantitative 
analysis of CUR in the drug-loaded micelles was determined 
by use of ultraviolet spectrophotometry at 425nm (T6 New 
Century, Purkinje General, Peking, China). The DL and EE 
were determined through applying equation as follow 
[Equations (1) and (2)] (Song et al., 2011): 


EE = weight of drug in nanoparticles 


100 1 
weight of the initial drug E "8 () 


weight of drug in nanoparticles 


= x 100% (2 
weight of nanoparticles containing drug E 


X-ray diffraction and FT-IR studies of CUR, blank and CUR 
micelles 


X-ray diffraction (XRD) analysis was considered to identify 
the physical state of CUR in micelles. The XRD curves of 
CUR, lyophilized blank and CUR micelles were measured 
employing X-ray diffractometer (Bruker D8 Focus, Bruker, 
Germany) at a voltage of 40kV and 25mA with Cu K 
a radiation. The range of scanning angle was from 2.5° to 40° 
with a scanning speed of 2°/min. 

FT-IR spectra were taken into observation to probe into the 
potential physico-chemical interactions between the CUR and 
the copolymer material. FT-IR spectrum of CUR, the 
lyophilized blank and CUR micelles were determined by 
KBr pellets method on a FT-IR spectrometer (NEXUS 470, 
Nicolet, USA) over the range from 4000 to 400 cm |, 
respectively. 
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Hemolysis test of copolymers 


Hemolysis assay in vitro was employed to evaluate toxicity of 
LDMP copolymer (Cerda-Cristerna et al., 2011; Meng et al., 
2011). Heparinized rat erythrocytes were separated from rat 
blood by centrifugation at 3000r/min for 30min in a 
centrifuge and eluted using physiological saline to achromatic 
color for supernatant solution. About 1 mL of the depurative 
erythrocytes was added into 39 mL of normal saline to a blood 
volume of 2.5%. About 1.6mL of the resulting mixture was 
mixed with 4mL of copolymer solution in physiological 
saline at 37°C with shaking at 300r/min for 30min. The 
copolymer solution concentrations ranged from 156 to 
2500 ng/mL. Physiological saline and aquadistillate were set 
as negative and positive control, respectively. After mix for 
30 min, the mixtures were centrifuged for 20min at 3000 r/ 
min in order to separate intact red blood cells and disrupted 
membranes from the solution. The supernatant, containing the 
released hemoglobin (Hb), was collected. The absorbance of 
Hb in the supernatant at 500-650 nm was determined by UV- 
Vis spectrophotometer (T6 New Century, Purkinje General, 
Peking, China). 

The hemolytic activities of LDMP micelles were evaluated 
based on absorbance at 576 nm. All determinations were done 
for three times (Dutta & Dey, 2011). The results were 
calculated based on Equation (3): 


ADSsam le = ADSnegative control 
p E x 100% 


(3) 


Hemolysis (%) = 


ADbSpostive control — ADSnegative control 


In vitro release of CUR micelles 


In vitro drug release behavior of CUR from CUR micelles 
was performed by dynamic dialysis method as explained in a 
literature (Sun et al., 2012). The study was conducted with the 
co-solvent mixture of physiological saline and absolute 
ethanol (60:40, V/V) as a release medium. As control, CUR 
was dissolved in propylene glycol. CUR micellar suspension 
or control solution (having 1mg of CUR) was placed in 
dialysis bags (Viskas MD25-3.5, Union Carbide Corporation, 
Bound Brook, NJ), respectively. They were placed into 
beakers containing 100 mL of release mediums and shaken in 
a oscillation rate of 1001r/min at 37°C. At each given time, 
5 mL of the release mediums was taken out. About 5 mL of 
new release mediums was refilled to release medium. The 
amount of CUR released from the CUR micelles was 
determined by use of ultraviolet spectrophotometer at a 
wave-length of 425nm (T6 New Century, Purkinje General, 
Peking, China). All measurements were performed in tripli- 
cates. The accumulative release percentage was calculated 
according to a reported calculation method (Li et al., 2013). 


In vitro cytotoxicity of CUR micelles by MTT analysis 


MTT method was used to evaluate the cytotoxicity of CUR 
micelles. In 96-well plates, Hela and HT-29 cells were seeded 
at a density of 5 x 10 cells/mL, then cultivated at 37°C for 8h 
in DMEM. The culture solution was replaced by 100 uL fresh 
medium containing different concentrations (0, 5, 10, 20 and 
40 uM CUR/well) of either free CUR dissolved in DMSO or 
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equivalent concentration of CUR micelles (Ma et al., 2007). 
The incubation time was set as follow: 24 and 48h. About 
20 uL of MTT solution in PBS (5 mg/mL) was added to each 
well, and the cells were incubated for another 4 h at 37 °C in the 
darkness. The culture medium was removed and replaced with 
100 nL DMSO to dissolve the blue formazan crystal; the 
percentage of cell viability was determined using a microplate 
reader (Model 680; Bio-Rad Laboratories, Hercules, CA) 
equipped with a 570-nm filter. All assays were conducted with 
four parallel samples. 


Pharmacokinetics of CUR micelles 


About 250 + 20 g of male and female Wistar rats were bought 
from Shandong University (Jinan City, Shandong Province, 
China). All animal experiments complied with the require- 
ments of the National Act on the use of experimental animals. 
Rats had no foodstuff and drank water freely for 12h prior to 
experiments. They were randomly split into two groups 
(3/sex/group). 

CUR control solution was prepared according to a reported 
article (Song et al., 2011). The rats were treated intravenously 
with control solution and CUR micelles through caudal vein 
at a dosage of 15 mg/kg, respectively. At every definite point 
of time, rat blood samples were gathered into heparinized 
tubes through dural sinus, and centrifuged at 50001/min for 
5 min to separate plasma. The plasma samples were disposed 
according to a previous process (Ma et al., 2007). 

Content of CUR in plasma was then determined with 
reported reversed-phase high-performance liquid chromatog- 
raphy (Shimadzu LC-10A, Japan) (Fang et al., 2009). A curve 
of plasma drug concentration to time was provided. 
Pharmacokinetic parameters were calculated by use of DAS 
2.0 with non-compartmental model (Xu et al., 2010). 


Result and discussion 
Structure characterization of LDMP 


Firstly, di-hydroxyl MPEG was synthesized by O-alkylation 
reaction of MPEG and epichlorohydrin followed by alkaline 
ring opening. Secondly, tetra-hydroxy MPEG was obtained 
through a repetitive operation above. At last, the LDMP was 
prepared by way of ring-opening copolymerization of tetra- 
hydroxyl MPEG and £-CL under hydrochloride ether as a 
catalyst at room temperature (shown as Scheme 1). 

The FT-IR spectrum of LDMP is shown in Figure 1. The 
peak at 1729 cm’ indicated the existence of C=O stretching 


Scheme 1. Synthesis of LDMP. 
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vibration of the ester carbonyl group being similar to that of 
e-CL. The peaks at 1109 and 1244cm~' showed C-O-C 
stretching vibration of —-OCH2CH, elements of PEG and 
—COO- stretching vibration, respectively. The peaks at 2945 
and 2870 cm™* were belonged to the C-H stretching vibration 
of —CH,CHhb, respectively, which were similar to ¢-CL. 

The 'H-NMR spectrum of tetra-hydroxyl MPEG is shown 
as Figure 2(A). The sharp peak at 3.38 (a) was attributed to 
methyl protons of tetra-hydroxyl MPEG. The strong peak at 
3.64 (b) indicated methylene protons of tetra-hydroxyl 
MPEG. The single broad peak at 3.99 ppm (c) was hydro 
proton resonances of methenyl. Peaks of methylene protons 
adjacent to these methenyl were 3.81, 3.55 and 3.46 ppm, 
respectively. In addition, the terminal hydroxy peaks appeared 
at 2.01 ppm. 

According to the ‘H-NMR spectrum of LDMP shown in 
Figure 2(B), the methylene protons (b) of the MPEG segment 
was found at 3.65 ppm. The peak at 3.38 ppm was identified 
as the -OCH; proton (a) of MPEG end unit. The hydroxyl 
peak at 2.01 disappeared, showing that the tetra-hydroxy 
MPEG reacted with ¢-CL. The four new peaks present at 1.39, 
1.63, 2.32 and 4.06ppm after ring-opening polymerization 
reaction were assigned to the methylene protons of 
OCOCH»CH,—CH2—CH»CH2, OCOCH2-CH2-CH)-CH3 
CH, OCO-—CH,—(CH3)4 and OCOCH,CH2CH2CH»—CHy in 
PCL units, respectively, being very similar to the reported 
spectrum (Jia et al., 2008; Zhou et al., 2003). 

Figure 3 is the typical GPC curve of LDMP-2 copolymer. 
The weight average molecular weight was 13 461 with 2.05 of 
polydispersion index. It could be found that only a single peak 
existed at 22.62 min, suggesting the monodispersity of 
macromolecular weight and no other side-reactions during 
polymerization (Sahu et al., 2008). 


Characterization of micelles 


In order to select an ideal dosage form with better encapsu- 
lation, we prepared CUR micelles on the basis of LDMP and 
researched the influence of PCL chain length on DL and EE. 
From results listed in Table 1, the DL and EE rised with the 
raise of PCL length (changing from LDMP-1 to LEMP-3). 
The EE for LDMP-1 was 87.82 + 3.03%, however, obvious 
precipitate appeared when stored overnight. The maximum 
EE reached to ~92.5% for LDMP-2, in which the length of 
PCL chain was higher than that in LDMP-1. The DL and EE 
did not obviously change with the further rise of PCL chain 
length (changing from LDMP-2 to LDMP-3). MPEG is a 


1. Na, THF 


2. 9 
A Uc 


3. 10% NaOH 


ne 
H3C Ahy oh OH a 


OPCL 


hota et OPCLOPCL PCL= PAW, 


AC oper 


62 Z. Song et al. 


= (A) 


T (%) 


4000 3500 


Wavenumber (emh 


T (%) 


3500 


3000 


Wavenumber (emh) 


3000 2500 2000 1500 1000 500 


— (C) 


2500 2000 1500 1000 500 


Drug Deliv, 2015; 22(1): 58-68 


— (B) 


3500 3000 2500 2000 1500 1000 500 


Wavenumber (em!) 


Figure 1. FT-IR spectrum of MPEG (A), LDMP (B) and e-CL (C). 


water soluble hydrophilic polymer forming outer shell, PCL is 
a hydrophobic chain forming inner core in water (Hu et al., 
2003). The formed LDMP also contained MPEG and PCL, 
showing that it was also amphiphilic copolymer. It could also 
form a core-shell structure by use of thin-film hydration. 
Amphiphilic LDMP copolymer could also self-assembly form 
micelles with core-shell structure under water condition. The 
lipophilic CUR should be encapsulated into inner core by way 
of intermolecular hydrophobic interactions of CUR with PCL, 
and the drug was dissolved in water under hydration of PEG 
outer shell in aqueous medium (Letchford et al., 2008). 
Consequently, the stronger intermolecular interactions 
between the longer PCL block chain and lipophilic CUR 
might result in the higher DL and EE of CUR in LDMP. 
However, further increase of the PCL chain length might 
reduce water-solubility of the copolymer, resulting in the 
lower encapsulation of CUR. The LDMP-2 was selected for 
the further research according to its higher DL, EE and 
smaller mean particle diameter. 

The LDMP-2’s CMC was 2.18 x 107% g/mL, indicating 
that LDMP copolymer could form micelles at a lower 
copolymer concentration. 

In this study, UV-Vis spectrophotometer was selected for 
quantitative analysis of CUR (without results shown). The 
result of UV-Vis analysis indicated that the DL and EE of 
CUR micelles prepared from LDMP-2 was 12.84% and 
92.54% for LDMP-2, respectively. The total volume of CUR 
micelles solution was 4.8 mL. The water solubility of CUR in 


CUR micelles was increased to 1.87 mg/mL, which was 
1.70 x 10° times higher than that of CUR in aqueous medium 
(Yallapu et al., 2010). The zeta potential of the CUR micelles 
was —9.26+1.30mV. The mean particle size of this CUR 
micelles obtained from DLS was 108.3 + 13.6nm. The TEM 
picture of CUR micelles showed that the micelles had a 
discontinuous spherical outline (Figure 4). 

To confirm the presence of drug in CUR micelles, FT-IR 
spectrum analysis was performed. Figure 5 lists the FT-IR 
spectrums of CUR, lyophilized CUR-free and -loaded micel- 
lar particles. Peak of free CUR at 3508 cm! was assigned to 
the stretching vibration of phenolic hydroxyl group 
(Yen et al., 2010; Xie et al., 2011). In comparison with 
the blank micellar particles’ C=O stretching vibration 
bond at 1729cm™', the C=O absorption band blue 
shift of CUR micellar particles took place (Figure 5). 
At the same time, the phenolic hydroxyl group absorption 
band of CUR disappeared. These results indicated that 
intermolecular hydrogen bonds were formed between the 
C=O bond of LDMP and the O-H bond of CUR (Yallapu 
et al., 2010). 

In case of CUR, sharp absorption bands at 1629, 1595, 
1508, 1428 and 1277 cm! were indicated to be olefinic 
C=C, aromatic C=C stretching vibrations, C-O/C-C vibra- 
tions, olefinic C-H bending vibration and aromatic C—O 
stretching vibration, respectively (Mohanty & Sahoo, 2010). 
The signature peaks at 1627, 1587, 1515 and 1423 cm! due 
to C=C double bonds, aromatic C=C double bonds, C—O/ 
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Figure 2. 'H-NMR spectrum of tetra-hydroxy MPEG (A) and LDMP (B). 


C-C vibrations and olefinic C-H bending vibration were also in CUR-free micellar particles (Figure 5). These research 
found in the FT-IR spectrum of CUR micellar particles, results suggested that CUR could exist in dispersed state 


respectively. These peaks were similar to the absorption in case of CUR micelles formed from LDMP (Zhang 
bands of CUR described above. However, they were absent et al., 2010b). 
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X-ray diffraction measurement was also used to confirm 
the physical state of CUR in micelles, because the exitential 
state of drug in the copolymeric materials of micelles was 
important to the drug release characteristics (Donsi et al., 
2010; Yen et al., 2010). XRD spectra of CUR, CUR-free 
micelles and CUR micelles are shown in Figure 6. In 
Figure 6, the characteristic XRD peaks of CUR appeared at a 
series of diffraction angles 20 at 8.84°, 12.14°, 14.46°, 17.26°, 
18.12°, 21.14°, 23.36°, 24.50°, 25.54°, 27.34°, 28.14° and 
28.96°, which indicated that pure CUR was in a highly 
crystalline form (Zhang et al., 2010b). However, no charac- 
teristic CUR peaks were detected in case of CUR micelles 
(Figure 6). This disappearance of characteristic peaks of CUR 
in CUR micelles dosage clearly implied that there were no 
CUR crystals in the CUR micelles. So, it could be inferred 
that CUR in CUR micelles dosage was in non-crystalline, 
unordered crystallographic phase or in solid solution state 
(Zhang et al., 2010b) which helped easy diffusion of CUR 
through the copolymeric material, resulting in a controlled 
release of CUR. 

Hydrophobic species are known to interact with lipid cell 
membranes, resulting in its attachment to cell and finally 
endosomal uptake of hydrophobic substances. However, it can 
also lead to damage of cell membranes (so-called cytotoxic 
side effects) when these interactions are too intensive. To 
evaluate the biocompatibility of the copolymers, the change 
of hemolytic activity as a function of the concentration of the 
copolymers was performed against rat red blood cells. The 
hemoglobin absorption spectrum after mixture and hatch with 
the polymers is shown in Figure 7(A). It was seen that there 
were two UV-Vis absorption peaks of red blood cells at ~541 
and 576nm. The haemolytic activities of LDMP-2 micelles 
were evaluated based on absorbance at 576 nm. Results from 
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Figure 3. GPC of LDMP-2. 


Table 1. Characteristics of micelles. 


Micelles Feed ratio Mw theo Mw GPC 
LDMP- 1 1:0.5 3000 10 868 
LDMP-2 1:2 6000 13 461 
LDMP-3 1:3 8000 23 942 


2.050 
2.016 
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the Figure 7(B) showed that no apparent hemolytic activity 
was observed in 156~2500 g/mL, in which the hemolysis 
(%) was among 0-4.69% (<5%) at 576nm (Letchford 
et al., 2008). 


ct @ ty ey, $ 
Ly t P os 


Figure 4. TEM of CUR micelles (38 000x, the scale bar is 100 nm). 
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Figure 5. FT-IR spectrum of CUR, blank micelles and CUR micelles. 


500 
= ——CUR micelles 
—— CUR 

= —— Blank micelles} 
J 300 
£ 
2 
5 200 
E 

100 

0 


5 10 15 20 25 30 35 40 
2-Theta (degree) 


Figure 6. XRD of CUR, blank micelles and CUR micelles. 


DPI EE (%) DL (%) Mean particle (nm) 

1.733 87.82 + 3.03 10.28 + 0.42 Precipitation 
92.54 + 0.54 12.84 + 0.29 108.3 + 13.6 
92.53 + 1.10 12.71 + 0.28 146.7 + 10.1 


Mw theo, theoretical molecular weight obtained from weight ratio of MPEG and e-CL charge. 
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Figure 7. (A) Hemolysis test UV spectrum of different concentration of 
LMP, normal saline (negative control), and distilled water (positive 
control) and (B) percentage of hemolysis of different concentration of 
LDMP-2. 


In vitro release of CUR micelles 


It is necessary for dosage form design that a drug can be 
easily discharged from drug-loaded copolymeric micelles 
because a limited release will hinder the drug’s availability 
and then lead to reduction of its curative effect. Therefore, 
dynamic membrane dialysis method was adopted to investi- 
gate the release behavior of CUR from LDMP micelles. 
On account of the lower dissolvability of CUR in aqueous 
medium (Zhang et al., 2010a), a co-solvent of ethanol- 
physical saline solution (40:60, V/V) was used as the dialysis 
medium to provide a sink condition. The in vitro release 
behaviors of CUR control solution and CUR micelles in 40% 
(V/V) of ethanol saline solution are presented in Figure 8. The 
release results demonstrated that the release of CUR from 
control solution through dialysis membrane was much faster, 
87.54% of CUR was released in 20h. In contrast, only 
~64.66% of CUR was released from CUR micelles within 
24h. Subsequently, the release rate became smaller and 
smaller, showing a sustained-release property and the accu- 
mulative release percentage at 60h was ~80.91%. 

To investigate and comprehend the phenomena referring to 
the release process, we fitted the release curve of CUR 
micelles with employment of different release models 
according to the reported DDsolver Add-in Program 
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Figure 8. Jn vitro CUR-release profiles from either control solution or 
micelles in 40% ethanol saline solution at 37°C [data are presented as 
mean + SD (n= 3)]. 


(Table 2) (Sharma et al., 2011). For LDMP micelles, the 
expressions that allowed a good fitting for the drug-release 
were Makoid—Banakar, Peppas—Sahlin, Quadratic, Weibull 
and Logistic models (Revjustea > 0-99) (Table 2). The best 
fitted release kinetics model for LDMP micelles was the 
Makoid—Banakar model with R? juste = 0.9984 (Table 2), 
because its Akaike information criterion (AIC) value was the 
lowest and model selection criteria (MSC) value was the 
largest among these release models. These finding suggested 
that the release of CUR from micelles was mainly 
controlled by diffusion and polymer material erosion (Sanna 
et al., 2011). 

To further understand the mechanism of the CUR release, 
the release behavior was also fitted by the Korsmeyer—Peppas 
model (Mohanty et al., 2010). Shown as Table 2, the CUR 
micelles under this study showed an n value of 0.535. The 
result implied that the CUR release was achieved by the 
cooperation of drug diffusion with copolymer chain relaxation 
(Prasanna et al., 2011; Seremeta et al., 2013). For the CUR 
micelles, early stage release should mainly rely on CUR’s 
diffusion through polymeric framework, and diffusion taking 
place near to micelles’ surface resulted in sudden release). 
Later stage release should be controlled by both diffusion of 
CUR and polymer chain relaxation resulted from degradation 
of the polymeric framework (Puga et al., 2012). 


Cytotoxicity studies 


Cytotoxicity of free CUR and CUR micelles was evaluated by 
MTT method in the HT-29 and Hela cell lines in vitro. 
As shown in Figure 9, CUR micelles showed no cytotoxicity 
compared with free CUR during 24h. After incubation for 
48h, the CUR micelles obviously decreased the viability of 
both two cell lines with the increase of drug concentration. 
But it was shown that the anticancer activity effect of CUR 
micelles was not significantly different from free CUR. The 
possible reason might be that CUR was encapsulated into the 
copolymer to form micelles which raised cell ingestion of 
CUR micelles, but the slower release of drug from micelles 
would maintain CUR in a lower concentration than that of 
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Table 2. Mathematical equations for the models used to describe release characteristics of CUR from micelles. 


Model Equation 


abjusted 


Zero order model Qpr = kot 

One order model Qr = 100(1 — e™*") 
Higuchi model R= kar” 
Korsmeyer—Peppas model Qpr = kept" 


r= 100[1-(1—kych*] 
Qr= 100[1—(1—kugi)"] 


Hixson—Crowell model 


Hopfenberg model 


Baker—Lonsdale model 1:5 [! (1 Qr) “l Cx kgLt 
Makoid—Banakar model Or=kyptie “ 
Peppas-—Sahlin model Qr= kit” + kat” 


Quadratic model Op = 100k + kot) 


t-T;)? 
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Or =100(1-e a) 


Weibull model 


e (ot Blog 1) 


Logistic model Qr = 100 x amet 
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Parameter R? AIC MSC 
kg = 1.710 0.7808 69.7396 1.0475 
kı =0.038 0.9834 46.5249 3.6269 
ky = 11.357 0.9612 54.1590 2.7787 
kxp = 0.535 0.9578 55.7022 2.6072 
n= 0.535 
kyc = 0.01 0.9541 55.6635 2.6115 
Kyp=0 0.9810 48.5297 3.4042 
n= 6321.872 
kg = 0.003 0.9470 56.9698 2.4664 
kms = 4.215 0.9984 27.0167 5.7945 
n=0.994 
k=0.019 
kı = 5.066 0.9969 32.9048 5.1403 
ky = —0.079 
m= 0.883 
k;=0 0.9911 41.6970 4.1634 
ky = 0.035 
a= 11.315 0.9918 41.5820 4.1761 
B=0.756 
T;= 1.414 
a = —3.449 0.9963 33.7019 5.0517 
B=2.866 
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Figure 9. Anticancer activity of free CUR and CUR micelles on HT-29 and Hela cells in vitro after cultivation for 24 and 48h [data are presented as 


mean + SD (n=4)]. 


free CUR in these cells (Costa & Sousa Lobo, 2001). The 
release of CUR from micelles was very slow in the first 24h, 
resulting in no cytotoxicity. During subsequent 24h, the 
release amount of CUR was obviously increased, leading to 
its accumulation and anticancer activity enhancement. The 
results demonstrated that the encapsulation of CUR in 
polymeric micelles had anticancer effect on HT-29 and 
Hela cells. 


Pharmacokinetics of CUR micelles 


The LDMP-2 was selected to investigate pharmacokinetic 
effects of CUR micelles on the basis of its higher EE and DL. 


The drug-time curves of CUR control solution and CUR 
micelles are presented in Figure 10. The time of duration for 
CUR control solution was ~1.5h, but CUR micelles could 
obviously prolong cycling time of CUR for 6h. 

The pharmacokinetic parameters were analyzed according 
to “‘DAS 2.0 practical pharmacokinetics program’’ by non- 
compartmental model. The pharmacokinetic parameters, such 
as AUCp_.., MRTo_.., CL, V, and 1/27, are listed in Table 3. 

From results listed in Table 3, the pharmacokinetic 
parameters of CUR micelles in rats were significantly 
different from these of the CUR control solution. AUCo_., 
for CUR micelles (4464.601 ug/Lh) was ~4.62-fold higher 
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Figure 10. Drug—time curves after i.v. injection of CUR control solution 
and CUR micelles [data are presented as mean + SD (n=6)]. 


Table 3. Pharmacokinetic parameters of CUR control solution and CUR 
micelles (n= 6). 


Parameters CUR control solution CUR micelles 
AUC p_~ ("g/L h) 967.221 4464.601 
MRT _~. (h) 0.199 0.327 
tz (b) 0.198 1.294 
CLz (L/h/kg) 15.508 3.36 

Vz (L/kg) 4.432 6.271 


than that of CUR solution. MRTo_., (0.327h) was longer 
than that of CUR control solution. CUR micelles could also 
lengthen the half-time (¢,/2, = 1.294) of CUR in plasma which 
was 6.54-fold longer than that of CUR control solution. The 
CUR micelles also reduced CL, in comparison with CUR 
control solution. The longer MRTp_.. and lower CL, mani- 
fested that CUR micelles could extend cycling time of CUR 
in vivo, and then led to longer acting time. The Vz of CUR 
loaded within CUR micelles (6.271 L/kg) was evidently larger 
than that within CUR control solution (4.432 L/kg). This 
result made clear that CUR micelles could extend the 
retention time and delay clearance of CUR. The more 
micelles can circulate in blood for a longer period, the 
greater their accumulation in tumor may occur. 

The possible reason was that micelles coated with hydro- 
philic polymer had a reduced opsonization and a longer 
period in circulation (Liu et al., 2012; Wang et al., 2012b). 
High mobility of linear poly (ethylene oxide) chains in 
LDMP-?2 might present to repel approaching proteins from the 
particle surface because the protein does not have sufficient 
contact time with the mobile chains (Ghosh & Ryan, 2013), 
which delayed the residence time of CUR in blood. In our 
study, CUR plasma concentration could be still detected at 
6-h post-injection of CUR-NS, but only up to 1.5h for CUR 
control solution. Thus, CUR-NS could maintain a longer 
retention time in blood compared to CUR control solution. 


Conclusion 


The novel linear-demdrimer LDMP copolymer was synthe- 
sized by O-alkylation, basic hydrolysis and ring-opening 
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polymerization reaction with MPEG, epichlorohydrin and 
e-CL as raw materials. The obtained copolymer showed no 
apparent hemolytic activity. The formed CUR micelles could 
obviously increase CUR’s solubility in water and afford an 
appropriate sustained-release property while the cytotoxicity 
in vitro remained comparable to that of free CUR. The 
entrapment of CUR in the linear-dendrimer copolymeric 
micelles markedly improved the pharmacokinetic properties. 
Hence, the micelles formulation is an outstanding solubilizer 
and hopefully a potential vehicle for the CUR delivery for 
cancer treatment in the future. 
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